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Salidroside-pretreated mesenchymal stem cells
contribute to neuroprotection in cerebral ischemic
injury in vitro and in vivo
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Abstract
Background: Mesenchymal stem cells (MSCs) are considered a promising tool for treating cerebral
ischemic injury. However, their poor survival after transplantation limits their therapeutic effect and
applications. Salidroside has been reported to exert potent cytoprotective and neuroprotective effects.
This study aimed to investigate whether salidroside could improve MSC survival under hypoxic-ischemic
conditions and, subsequently, alleviate cerebral ischemic injury in a rat model.

Methods: MSCs were pretreated by salidroside under hypoxic-ischemic conditions. The cell proliferation,
migratory capacity, and apoptosis were evaluated by means of Cell Counting Kit (CCK)-8, transwell assay,
and �ow cytometry. MSCs pretreated with salidroside were transplanted into the rats subsequent to
middle cerebral artery occlusion. The grip strength, 2,3,5-triphenyltetrazolium chloride, and hematoxylin-
eosin staining were used to analyze the therapeutic e�ciency and pathological changes. The mature
neuron marker NeuN and astrocyte marker GFAP in the focal area were detected by immuno�uorescence.

Results: These results indicated that salidroside promoted the proliferation, migration and reduced
apoptosis of MSCs under hypoxic-ischemic conditions. In vivo experiments revealed that transplantation
of salidroside-pretreated MSCs strengthened the therapeutic e�ciency by enhancing neurogenesis and
inhibiting neuroin�ammation in the hippocampal CA1 area after ischemia.

Conclusion: Our results suggest that pretreatment with salidroside could be an effective strategy to
enhance the cell survival rate and the therapeutic effect of MSCs in treating cerebral ischemic injury.

Background
Brain hypoxia-ischemia has been considered a critical factor in many human central nervous system
diseases, including stroke, which is the leading cause of disability and the second most common cause
of mortality worldwide [1, 2]. Although progress has been made on fundamental research and clinical
treatment, there are no e�cient therapies to ameliorate the resulting neurodegeneration.

Mesenchymal stem cells (MSCs) have displayed capabilities in regenerative therapy for the treatment of
stroke because of their multi-directional differentiation potential and hypo-immunogenicity properties [3].
Transplantation of MSCs enhances functional recovery and endogenous neurogenesis in stroke models
[4, 5]. The cell survival rate after MSCs are transplanted into the ischemic region is quite low, which has
limited the application of MSCs [6-8]. Hence, promoting cell survival and migration potential of the MSCs
is one of the critical issues for stem cell-based therapy for cerebral ischemic injury.

Salidroside (p-hydroxyphenethyl-β-D-glucoside, Sal), aphenylpropanoid glycoside isolated from the
Rhodiola rosea, has been widely used as a traditional herbal medicine that exhibits potent anti-
in�ammatory and anti-apoptotic functions [9]. Previous studies have shown that salidroside could
promote the proliferation of MSCs [10] and induce MSCs to differentiate into cholinergic neurons [11] and
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dopaminergic neurons [12]. Concurrently, salidroside has been reported to improve brain ischemic injury
by reducing neuroin�ammation and neural damage [13-15].

In the present study, we therefore investigated the effect of salidroside on survival and migration potential
of MSCs under hypoxia-ischemia and focused on the therapeutic effect by which salidroside-pretreated
MSCs induce neuroprotective effects following cerebral ischemic injury.

Methods
Animals

In the present study, male Sprague-Dawley (SD) rats (80-120 g) were used for MSC isolation and culture.
SD rats (260-300 g) were used for middle cerebral artery occlusion (MCAO) model establishment. All rats
were provided by Zhejiang Chinese Medical University Animal Center (Laboratory Animal Certi�cate:
SYXK 2013-0184). Rats were raised in individual cages in a temperature- and humidity-controlled room
with a 12-h light/dark cycle and access to food and water ad libitum.

MSC culture and pretreatment

MSCs were isolated from SD rats (80-120 g) under sterile environment as previously reported [16]. The
long bone was taken from the hind legs of SD rats, and both ends of the long bones were cut. Bone
marrow was �ushed out with phosphate buffered saline (PBS, BOSTER, China). The obtained bone
marrow solution was centrifuged at 1,000 rpm for 5 min, the supernatant liquid was removed, and the cell
pellets were resuspended in Dulbecco’s Modi�ed Eagle’s Medium/Ham's F-12 (DMEM/F12, Gibco, USA)
supplemented with 10% fetal bovine serum (FBS, Gibco, USA) and 1% penicillin-streptomycin (Gibco,
USA). Cells were detached with 0.25% trypsin-ethylene diamine tetraacetic acid (EDTA, Gibco, USA) at
80% con�uence. Passage 3 cells were used for the following experiments.

For hypoxia and ischemia, MSCs were pretreated with serum-free medium with 100 μmol/l of Cobalt
chloride (CoCl2, Sigma, USA) for 12 h. For salidroside (HPLC ≥98%, Shanghai Yuanye Bio-Technology Co.,
Ltd., China) pretreatment, MSCs were cultured with different concentrations of salidroside (0.375, 0.75,
1.5, 3, 6 μg/ml) for 48 h, followed by exposure to 100 μmol/l of CoCl2 with serum-free medium for 12 h.
The MSCs cultured in complete medium served as control. These pretreated cells were used for Cell
Counting Kit (CCK)-8 assay, transwell assay, and �ow cytometry assay.

CM-Dil (Invitrogen, Carlsbad, CA, USA) was used to label the cell membrane prior to transplantation,
without affecting cell morphology, viability, and proliferation capacity. CM-Dil stock solution was prepared
as recommended by the manufacturer.

CCK-8 assay

MSC proliferation was measured using the CCK-8 (Dojindo Laboratories, Inc., Kumamoto, Japan). MSCs
were inoculated at 1 × 103 cells/well in 96-well culture plates. The medium was discarded, and each well
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was washed twice with PBS. One hundred microliters of DMEM/F12 and 10 µl of CCK-8 reagents were
added to each well and incubated at 37°C with 5% CO2 for 2 h. The absorbance of the reaction solution
was measured at 450 nm using a microplate reader (SpectraMax Plus384, Molecular Devices, LLC,
Sunnyvale, CA, USA).

Transwell assay

Cell migration ability was performed using transwell plates (24-well plate, 8-μm pore size, Corning, NY,
USA). Cells were digested and resuspended in DMEM/F12 containing 2% FBS. One hundred �fty
microliters (1 × 105 cells/ml) of cell suspension was added to the upper chamber of the migration well,
and 600 µl of complete medium was added to the lower chamber. After 15 h, cells from the top of the
�lter were carefully removed with a cotton swab. The cells that had migrated through to the underside of
the insert membranes were then �xed with 4% paraformaldehyde for 30 min and stained with crystal
violet for 10 min. Migrated cells were observed and imaged by a �uorescence microscope (Nikon, Eclipse
Ts2-FL, Japan). The number of migrated cells was determined by averaging 6 random �elds per well.

Flow cytometry assay

To quantify the apoptotic MSCs, cells were collected, washed with PBS, and then centrifuged at 1,000
rpm for 5 min before 1 × 105 cells were resuspended in the 1×AnnexinV binding buffer mixed with 5 μl of
propidium iodide (PI) reagent. After incubation for 15 min at room temperature in the dark, another 400 μl
of binding buffer was added, and cells were measured using a �ow cytometry machine (Accuri C6, BD
Biosciences)

MCAO model

MCAO was induced by the modi�ed Zea Longa method [17]. Rats were anesthetized with 10% chloral
hydrate (0.35 ml/100 g, Yonghua Chemical, China) and �xed on an operating table in a supine position. A
midline neck incision was made, and the common carotid artery (CCA) and its bifurcation were exposed
and isolated carefully from the vagus nerve. The bifurcation of the external common carotid artery and
the proximal end of CCA were occluded by a silk suture. A small hole was cut into the CCA to insert a
�lament into the internal CCA. The suture was tightly tied around the �lament to prevent bleeding and the
reverse-action tweezers were removed. After 1.5 h of occlusion, the suture was withdrawn to enable
reperfusion and the wound and skin were sutured. The rats in the sham group received the same
procedures, except that the MCAO group was not occluded. Finally, animals were placed in a cage over a
warming blanket until full recovery from anesthesia.

Transplantation of MSCs and animal grouping

Rats were randomly divided into 4 groups, including the sham, vehicle, MSCs (MSCs transplantation), and
Sal-MSCs (cells pretreated with 0.75 μg/ml salidroside). Three days after MCAO, the anesthetized rats
were �xed on a stereotaxic brain locator. For the MSC and Sal-MSC groups, 10 µl of cells (1 × 107
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cells/ml) were engrafted at 3.6 mm toward the caudal side of the frontal fontanel and at 2 mm on the
right side of the midline. The depth of the injection was 3 mm, and the rate of the injection was 1 µl/min.
Rats of the vehicle group were transplanted with the same volume of PBS. The rats were euthanized 14
days after MCAO to obtain the brain tissue samples for 2,3,5-triphenyltetrazolium chloride (TTC) staining
(n=3 per group), hematoxylin-eosin (HE) staining (n=3 per group), and immuno�uorescence (n=6 per
group). Behavioral testing (each time point; n=3 per group) was performed at 7, 14, and 21 days after
MCAO.

Behavioral Test

Grip strength was measured at 7, 14, and 21 days after MCAO as previously described [18]. Brie�y, each
rat was held by its tail and gripped the tension bar of the instrument using their limbs. Once the grip was
secured, the animal was slowly pulled away from the bar. A digital reading (in Newtons) of 3 successive
trials was obtained for each rat, and then averaged for analysis.

TTC staining

To measure infarct volumes, rats were decapitated at 14 days after MCAO. Brains were cut into 2-mm-
thick coronal sections and incubated in 2% TTC (Sigma, USA) solution for 30 min at 37°C in the dark.
Infarct volumes were determined by the ImagePro Plus 6.0 software and expressed as the percentage of
the total volume of the cerebral tissue.

Preparation of para�n section

Brains from anesthetized rats were �xed by transcardial perfusion with saline, followed by perfusion and
immersion in 4% paraformaldehyde. Then, brains were removed, post-�xed, dehydrated in graded alcohol,
and embedded in para�n. Coronal sections at 4 μm were used for HE staining and immuno�uorescence.

HE staining

Para�n sections were subjected to conventional dewaxing, hydration, hematoxylin staining, and
hydrochloric acid ethanol differentiation. After rinsing with distilled water, the sections were stained with
1% eosin solution (BOSTER, China) for 1 min with subsequent dehydration in graded alcohol; the sections
were dewaxed in xylene and mounted with neutral gum. The mounted slides were observed and imaged
by microscope.

Immuno�uorescence

CM-Dil-labeled MSCs were observed by �uorescence microscopy to detect the implanted cells in the host
brain. Neuronal nuclear antigen (NeuN) and glial �brillary acidic protein (GFAP) expression were assessed
by evaluating the number of NeuN- and GFAP-positive cells in the ischemic boundary zone. Sections were
dewaxed, hydrated, repaired by citric acid antigen, and incubated with 3% H2O2 for 10 min at room
temperature. Then, sections were incubated with rabbit anti-NeuN antibody (1:5,000, Abcam) and rabbit
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anti-GFAP antibody (1:5,000, Abcam) overnight at 4°C and incubated with a secondary antibody at 37°C
for 30 min. Whole sections were counter-stained with 4′,6-diamidino-2-phenylindole (DAPI, Sigma, USA).
Ten �elds of each section were randomly imaged at high magni�cation (400×) to count the CM-Dil-
labeled MSCs NeuN- and GFAP-positive cells. Positive cells were counted by ImagePro Plus 6.0.

Statistical analysis

All experimental data are expressed as the mean ± standard deviation. The differences between multiple
groups were analyzed by one-way analysis of variance (ANOVA). Comparisons between two groups were
performed via the Dunnett's t-test. All were considered statistically signi�cant for P<0.05.

Results
Salidroside promoted MSC proliferation

MSCs were cultured and passaged until passage 3. The cell morphology tends to be uniform, showing a
spindle shape with high uniformity. To determine the in�uence of salidroside on MSC proliferation, the
number of MSCs was measured using the CCK-8 test. As shown in Fig. 1a, the proliferation rate of MSCs
within hypoxic-ischemic treatment was signi�cantly reduced. In addition, there was an increase in the
MSCs treated by different concentrations of salidroside (0.375, 0.75, 1.5, 3, 6 μg/ml) (Fig. 1a). These
results indicated that salidroside promotes cell proliferation under hypoxic-ischemic conditions.

Salidroside improved MSC migration

Transwell assay was performed to determine the migration potential of MSCs, and the migrated cells
were detected (Fig.1b). Compared to normoxic conditions, the migration of MSCs are suppressed under
hypoxic-ischemic conditions. Concomitantly, we found that MSCs migrated to the lower compartment
more rapidly in response to the salidroside (0.375, 0.75, 1.5, 3, 6 μg/ml), especially in the 0.75μg/ml of
salidroside treatment (Fig. 1c). These results con�rmed that salidroside promoted the migration of MSCs
against hypoxia-ischemia.

Salidroside protected MSCs from apoptosis

We analyzed the effect of salidroside pretreatment on the apoptosis rate of MSCs. Data revealed that
exposure of MSCs to hypoxic-ischemic conditions induced MSCs apoptosis, whereas salidroside
decreased the percentage of apoptotic cells, especially in the 0.75μg/ml of salidroside treatment (Fig. 2).
Such �ndings suggested that the number of MSCs which were apoptotic upon treatment with hypoxia-
ischemia were restored by salidroside pretreatment.

Salidroside-pretreated MSCs ameliorated brain injuries in MCAO rats

To evaluate the therapeutic effects of Sal-MSCs, the cells were labeled with CM-Dil, a �uorescence marker
in vivo (Fig. 3), and then 1 × 105 MSCs or Sal-MSCs were transplanted into the ischemic boundary zone 3
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days after MCAO. The grip strength was investigated in the sham, vehicle, and Sal-MSC groups,
respectively, on days 7, 14, and 21. De�cits in grip strength reached their lowest point in ischemic injury
rats, whereas the grip force of Sal-MSCs group was signi�cantly elevated compared to the rats in MSC
group (Fig. 4a). We compared the infarction areas in coronal sections from animals of the vehicle, MSC,
and Sal-MSC groups on day 14 (Fig. 4b). TTC staining was used to assess lesion volume as a percentage
of contralateral hemispheric volume. Fourteen days after MCAO, signi�cant differences of reduction in
infarct volume were detected in the Sal-MSC and MSC groups compared with the vehicle group (Fig. 4c).

Salidroside-pretreated MSCs alleviated pathological changes in the hippocampal CA1 area after ischemia

After transplantation of MSCs was accepted, CM-Dil labeled MSCs were found in the hippocampal CA1
area of rat brains (Fig. 5a). HE staining provided an objective assessment on pathological changes (Fig.
5b). Examinations of the hippocampus showed that the morphological structures of the hippocampus in
the sham group were normal, with uniform dyeing. By contrast, data showed that degeneration and
necrosis of nerve cells in hippocampal formations were aggravated in rats that suffered from ischemia.
Similar but slight pathological changes were observed in the MSC group subsequent to ischemia;
however, the changes in the MSCs with salidroside pretreatment were less marked than those of the
vehicle group. This observation suggested that the transplantation of MSCs ameliorated pathological
changes after cerebral ischemic injury, while salidroside pretreatment could strengthen therapeutic
e�ciency.

Salidroside-pretreated MSCs enhanced neurogenesis in the ischemic hippocampus

To investigate whether these transplanted MSCs could differentiate into mature neurons, CM-Dil labeling
of the cells with the mature neuron marker NeuN was performed. Fig. 6a shows that many neurons were
positive in the hippocampal CA1 area. However, only a few CM-Dil-positive cells co-labeled with NeuN
were observed in the MSCs group. As expected, there were more double-labeled cells in the Sal-MSCs
group (Fig. 6b). These data provided evidence that transplantation of Sal-MSCs enhanced neurogenesis
to a greater extent than transplantation of MSCs alone.

In addition, cells with astrocyte marker GFAP were counted in the same area (Fig. 7a). The GFAP-positive
cell number in the vehicle group was signi�cantly increased in comparison with the sham group,
suggesting that astrogenesis was stimulated by ischemic injury. A remarkable decrease of GFAP-positive
cells was counted in both MSC-transplanted groups and the vehicle group (Fig. 7b). Furthermore,
statistical analysis showed more reduction in the Sal-MSC group, which suggested that MSCs pretreated
by salidroside inhibited neuroin�ammation in the ischemic hippocampus.

Discussion
Stem cell therapy based on MSCs has emerged as a promising strategy for treating neurological diseases
[19]. However, previous studies have shown that the therapeutic effect of MSCs is limited due to their
poor survival after transplantation [20, 21]. Thus, improving the survival rate of MSCs is crucial for
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achieving a successful MSC-based therapy for cerebral ischemic injury. In the present study, we �rst
found that salidroside had a signi�cant effect on MSC proliferation, migration, and survival and reversed
the injury induced by hypoxia-ischemia in vitro. Then, MSC pretreatment with salidroside revealed the
reduced infarct rate and ameliorated pathological changes after transplantation. Furthermore, the results
also demonstrated the elevated number of NeuN-positive cells and decreased number of GFAP-positive
cells in the ischemic hippocampus. Taken together, our �ndings clearly indicated that salidroside
pretreatment has neuroprotective effects, which prompted further investigation of the underlying
mechanisms.

Hypoxia-ischemia-induced neuroin�ammation typically causes neurological damage and can occur
during stroke, neonatal hypoxic-ischemic encephalopathy, and other diseases [22]. CoCl2 is a chemical
compound, which is widely acknowledged as a classical stimulator to hypoxic-ischemic conditions. Here,
we used serum-free medium with 100 μmol/l CoCl2 for hypoxia-ischemia induction. The proliferation,
migration, and survival rate of MSCs were suppressed compared to normal conditions. Qin et al.[23]
reported that Rhodiola rosea could promote the proliferation and differentiation of neural stem cells in the
hippocampus of the depressive rats and play a role in saving injured neurons of the hippocampus.
Salidroside is a main component of Rhodiola rosea, which has been widely used as medicine in Asia and
Europe and possesses various medicinal properties, such as anti‐in�ammatory [24], antioxidative [25],
and neuroprotective effects [26-28]. Studies have shown that salidroside can inhibit the apoptosis of
many normal cells [29, 30]. In addition, salidroside could alleviate hypoxia-induced viability impairment
and apoptosis in neural stem cells and pulmonary arterial smooth muscle cells [31, 32]. Our results
prompt the possibility that salidroside might be able to promote the survival and migration potential of
MSCs and inhibit its apoptosis.

Studies have suggested that MSCs could control in�ammation by reconstructing the neural
microenvironment [33]. MSCs can secrete a series of growth factors, cytokines, chemokines, and various
enzymes, playing an important role in cell growth and migration [34]. A report from Yun et al. [35] has
demonstrated that MSCs signi�cantly inhibited the release of in�ammatory cytokines, alleviated
cognitive impairment, and increased the survival rate of neurons and nerve regeneration. Furthermore, Ha
et al. [36] con�rmed that salidroside could promote the survival of MSCs and combined to repair
damaged neurons within spinal cord tissue. Our results showed that Sal-MSCs contributed to a
signi�cant decrease in the infarct rate and greatly enhanced neurogenesis in the focal area of MCAO rats.
Several sudies have revealed that salidroside could reduce cerebral ischemic injury [13, 37, 38]. According
to previous studies, the underlying mechanisms of salidroside against injury are due to inhibition of
apoptosis and suppression of in�ammation with good e�ciency and low toxicity [15]. More importantly,
the combination with MSCs may enhance the e�cacy of salidroside. As shown in our in vivo results, the
transplantation of Sal-MSCs strengthened the therapeutic e�ciency by enhancing neurogenesis and
inhibiting neuroin�ammation in the hippocampus. Our results showed an increased number of NeuN-
positive cells and a decreased number of GFAP-positive cells in the Sal-MSC group, which demonstrated
that the transplantation of Sal-MSCs could promote the differentiation of neurons in the lesions and
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alleviate in�ammation caused by brain injury. Although further investigation is needed for con�rmation
before clinical application, our results showed that MSCs possessed curative effect to some extent, while
salidroside-treated MSCs exert even better e�cacy.

Conclusion
Our results clearly demonstrated that salidroside could promote the proliferation, migration, and reduced
apoptosis of MSCs under hypoxic-ischemic conditions. Further in vivo experiments revealed that
transplantation of Sal-MSCs strengthened the therapeutic e�ciency by enhancing neurogenesis and
inhibiting neuroin�ammation in the hippocampal CA1 area after ischemia. These �ndings will open up
the possibility of using this combination therapy for other MSC‐based treatments.

Abbreviations
CCA: common carotid artery; CCK-8: cell counting kit-8; DAPI: 4′,6-diamidino-2-phenylindole; FBS: fetal
bovine serum; GFAP: glial �brillary acidic protein; HE: hematoxylin-eosin; MCAO: middle cerebral artery
occlusion; MSCs: mesenchymal stem cells; NeuN: neuronal nuclear antigen; PBS: phosphate-buffered
saline; TTC: 2,3,5-triphenyltetrazolium chloride.
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Figure 1

The proliferative ability and migratory capacity of MSCs were promoted by salidroside under hypoxia-
ischemia. a Cell proliferation was detected by Cell Counting Kit-8. b Cell migration was examined by
transwell assay. Migrated cells were stained with crystal violet. c Quanti�cation of migration results.
*P<0.05 and **P<0.01 versus control group, #P<0.05 and ##P<0.01 versus vehicle group.
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Figure 2

The apoptosis rate of MSCs under hypoxic-ischemic conditions was reduced by salidroside. **P<0.01
versus control group, ##P<0.01 versus vehicle group.
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Figure 3

MSCs were labeled with CM-Dil in vitro. a and c MSCs from passage 3 were observed under the inverted
�uorescence microscope. b and d The phase-contrast and �uorescent image of CM-Dil labeled MSCs
(red).
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Figure 4

Salidroside-pretreated MSCs ameliorated brain injuries in MCAO rats. a Grip strength for rats in sham
group and subject to cerebral ischemic injury. b Brain slices were stained with TTC to visualize lesions. c
Quantitative analysis of infarction volume. *P<0.05, **P<0.01.
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Figure 5

Salidroside-pretreated MSCs alleviated pathological changes in the hippocampal CA1 area after
ischemia. a Transplanted MSCs labeled with CM-Dil (red) were observed in the hippocampal CA1 area. b
Morphological structures of the hippocampus were evaluated by HE staining.

Figure 6
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Salidroside-pretreated MSCs increased the number of NeuN-positive cells in the ischemic hippocampus. a
CM-Dil positive cells (red) co-labeled with NeuN (green) were observed in the ischemic boundary zone
with yellow �uorescence. Nuclei were counterstained with DAPI (blue). b Quantitative analysis of CM-Dil
co-labeled with NeuN-positive cells. *P<0.05.

Figure 7

Salidroside-pretreated MSCs decreased the number of GFAP-positive cells in the ischemic hippocampus.
a GFAP-positive cells in the ischemic boundary zone with immunolabeled green �uorescence. Nuclei were
counterstained with DAPI (blue). b Quantitative analysis of GFAP-positive cells. **P<0.01.


